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  ABSTRACT 
Iron-cobalt alloys are excellent soft ferromagnetic materials that are widely used in data 
storage applications such as writer heads for hard disc drives and magnetic tunnel junctions in 
spin-transfer torque magnetic random-access memories. Although the FexCo(1-x) alloys in such 
devices are currently sputter deposited, there is considerable interest in developing low 
temperature chemical vapor deposition (CVD) processes to this material, so as to extend 
scalability to future technology nodes.   
In this dissertation I report the following developments in the area of low temperature 
CVD of transition metals.  First, we show that it is possible to grow dense, smooth, and high-
purity FexCo(1-x) thin films by chemical vapor deposition using a co-flow of Fe(CO)5 and 
Co2(CO)8 precursors. Films with the composition Fe0.55Co0.45 show excellent soft magnetic 
properties: the saturation magnetization of 2.45 ± 0.05 Tesla approaches the theoretical 
maximum, and the coercivity is less than 20 Oe. Conformal films have also been grown 
successfully in a trench structure with an aspect ratio of 4:1.  
We found, however, that the morphology and composition are extremely sensitive to 
small variations in the deposition temperature or precursor partial pressures. 
To explore the mechanism of the instability, we then explored the deposition of iron by 
CVD from Fe(CO)5.  We show that at a constant temperature (e.g., 300 °C) the growth rate 
decreases monotonically with time.  Growth eventually ceases altogether at a certain film 
thickness and cannot restart, even under conditions that are favorable for nucleation. We propose 
that the reduction in Fe deposition rate observed here and in previous literature reports results 
from surface poisoning: the dissociative chemisorption of CO molecules on the Fe surface at 
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elevated temperature forms inactive surface species, termed graphitic carbon, which accumulate 
on the surface and eventually stop Fe growth. Remarkably, we found that the surface poisoning 
effect can be inhibited, so that Fe deposition occurs at a constant rate with no self-limiting 
growth behavior, by co-flowing NH3 along with the Fe(CO)5 precursor during growth. The 
adsorbed NH3 inhibits CO chemisorption by displacing CO from the growth surface and 
inhibiting CO chemisorption. The resulting Fe films are high purity, with carbon and nitrogen 
contents each below 1 at. %. 
Based on the study of surface poisoning during Fe growth, we then demonstrate that the 
instabilities in FexCo(1-x) alloy growth are also a result of a surface poisoning effect involving 
chemisorption of carbon monoxide, and that adding a co-flow of NH3 during CVD eliminates the 
poisoning effect without introducing measurable quantities of nitrogen into the deposit.  The use 
of ammonia thus enables growth of FexCo(1-x) films over a wide temperature window with highly 
reproducible morphology and stoichiometry.   
The implications of this thesis extend beyond the scope of FexCo(1-x) films.  We discuss, 
based on the surface science literature, the possible use of NH3 in combination with other 
transition metal carbonyl precursors that are of interest for low temperature CVD. 
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CHAPTER 1  
 
INTRODUCTION 
 
1.1. Background 
1.1.1. Soft magnetic materials 
Soft magnetic materials are the ferromagnetic materials that can be easily magnetized and 
demagnetized. Their hysteresis curve exhibit low coercivity and high saturation moment. With 
these properties, they can provide high induction field when they are magnetized, and can 
operate with high frequency without consuming large amount of energy or causing several 
heating problem. 
Iron-cobalt alloys are widely used in applications ranging from magnetic sensors to high-
performance transformers and electrical generators [1,2]. Their most important applications are 
in the data storage industry as soft magnetic layers in writer heads for hard disc drives and 
magnetic tunnel junctions in spin-transfer torque magnetic random-access memories [3]. These 
applications stem from the remarkable properties of such alloys, which have extremely high 
saturation magnetizations, low coercivities, and high Curie temperatures. Alloys with Fe/Co 
ratios between 50/50 and 70/30 are particularly useful because they exhibit saturation 
magnetizations (Bs) of 2.4 Tesla that are the highest known among all soft magnetic materials [1] 
that follow the well-known Slater-Pauling curve [4]. 
1.1.2. Deposition methods for Iron-Cobalt alloy thin films 
FexCo(1-x) thin films are conventionally deposited by electrodeposition [5], sputter 
deposition [6] or evaporation [7]. In proposed designs of future magnetic hard drive read-write 
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heads, the FexCo(1-x) film must have nearly uniform thickness (be conformal) over non-planar 
structures such as steps and trenches with aspect ratios of 2:1 or higher [8,9,10]. Achieving 
conformality at these aspect ratios is difficult using physical vapor deposition (PVD) methods. 
Although electrodeposition can be used to grow conformal layers on high aspect ratio structures, 
a conformal conducting seed is required for void free plating and critical dimension control.  
1.1.3. Chemical vapor deposition in alloy growth 
One method that often provides highly conformal films is chemical vapor deposition 
(CVD) [11]. In contrary with PVD, in which the sticking coefficient of depositing species is 
close to one, CVD has the advantage to operate in the regime that affords much lower sticking 
coefficient, therefore it has the potential to coat high aspect ratio deep features with good 
conformality. 
In an ideal CVD process, where only the deposition of precursor occurs with no 
interference of byproducts, the growth rate increases with temperature at “reactions limited 
regime”; the growth rate saturates above certain temperature where it reaches “flux limited 
regime”, in which the growth rate is only a function of precursor flux, not dependent on 
temperature. For alloy deposition from two precursors, it is preferred that both precursors are 
deposited in the “flux limited” regime, so that the alloy composition stays stable even if the 
substrate temperature varies a little, and the composition can be conveniently controlled by 
tuning the precursor flux of each component.   
However, CVD processes are often non-ideal. In CVD growth of alloy there are 
sophisticated surface reactions of precursor molecules and byproducts, which may results in 
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difficulties in composition and morphology control, but also may provide more tools to regulate 
the growth process. 
There is some precedent for using CVD to deposit FexCo(1-x) films; both single-source 
and two-precursor systems have been explored (Table 1.1) [12,13,14,15].  However, in all these 
previous studies, the film quality was invariably poor, the saturation magnetizations (when 
measured) were quite low, and no attempt was made to grow films conformally. 
It is surprising that there had been no satisfactory results using CVD to grow such a 
widely used thin film alloy. One likely reason is that the optimal growth condition - for example, 
the right combination of precursor selection, precursor gas fluxes, growth temperature and 
dosing gas - is difficult to find. In addition, the lack of a mechanistic understanding of growth 
process using carbonyl precursors may hinder the development of reliable growth process.  
In this regard, the first objective of my dissertation is to find the right growth condition 
that affords iron-cobalt alloy thin films with excellent magnetic properties. Then we will study 
the growth behavior of metal from metal carbonyl precursors to understand the growth 
mechanism. In the end, we will apply the mechanistic understanding to optimize the growth 
process, and establish a stable and reliable process to growth iron-cobalt alloy thin films. 
 
1.2. Overview 
In this dissertation we develop a CVD process using the precursors Fe(CO)5 and 
Co2(CO)8 that affords FexCo(1-x) alloys with near ideal properties, demonstrate the surface 
poisoning effect that causes the instability in Fe growth and alloy growth, discovered that the use 
of ammonia completely eliminates all the effes due to surface poisoning and present an improved 
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CVD process that affords FexCo(1-x) thin films with stable stoichiometries over a wide 
temperature window. 
In Chapter 2, we demonstrate the conformal CVD of FexCo(1-x) using a co-flow of the 
carbonyl precursors Fe(CO)5 and Co2(CO)8. Flux dependence and temperature dependence of 
this process are investigated, showing the film growth is unusually sensitive to growth 
temperature and precursors fluxes. High precursor flux with gas collimator and very precise 
temperature control are the keys to the growth of films with near ideal magnetic properties.  
 Pengyi Zhang, S. Babar, S. Sahoo, M. Zhu, M. Kautzky, L. Davis, G. Giralomi and J. R. 
Abelson, “Iron-Cobalt Alloy Thin Films with High Saturation Magnetizations Grown by 
Conformal Metalorganic CVD”, Journal of Vacuum Science & Technology A 33.6 (2015): 
061521 
 Methods of Forming Magnetic Materials and Articles Formed Thereby 
S. Sahoo, M. Zhu, M. Kautzky, G. Giralomi, J. Abelson, Pengyi Zhang, S. Babar, 
US20140093701 A1 
 
In Chapter 3, we describe in detail the temperature dependence of the growth rate and 
film microstructure of Fe from Fe(CO)5, and we propose a surface poisoning mechanism based 
on dissociative chemisorption of byproduct carbon monoxide.  We then describe a way to restore 
a stable Fe film growth: we introduce a co-flow of NH3, which suppresses CO reactions by 
competitive surface chemistry.  This is the major innovation of our thesis work.   
 Pengyi Zhang, E. Mohimi, T. Talukdar, G. Girolami and J. Abelson,  “Iron CVD from iron 
pentacarbonyl: growth inhibition by CO dissociation and use of ammonia to restore constant 
growth”, Journal of Vacuum Science & Technology A , under review 
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In Chapter 4, we show that the strong compositional and morphological variations in 
FexCo(1-x) CVD are due to the same poisoning effect observed in the growth of pure Fe films.  
With co-flow of NH3, CVD growth of FexCo(1-x) thin films is transformed into a reliable and 
easily controlled process. 
 Pengyi Zhang, Z. Zhang, G. Girolami and J. Abelson, “CVD of magnetic iron-cobalt alloy 
thin films:  use of ammonia to improve and stabilize growth from carbonyl precursors”, 
Journal of Vacuum Science & Technology A , ready for submission 
In Chapter 5, we briefly discuss the potential extension of our work to other carbonyl 
growth systems. 
1.3. References 
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[3] Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo and Y. Suzuki, Nat Mater 11, 39 
(2012). 
[4] R. M. Bozorth, Ferromagnetism (Van Nostrand, New York, 1951). 
[5] S. H. Liao, IEEE Trans. Magn. 23, 2981 (1987). 
[6] V. Inturi, H. Yin, M. Kief, M. Hadley and C. Mathieu, IEEE Trans. Magn. 48, 1718 (2012). 
[7] T. Kim, Y. Jeong and J.-S. Kang, J. Appl. Phys. 81, 4764(1997). 
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Johns, M. Kryder, K. Minor and R. Rottmayer, IEEE Trans. Magn. 38, 157 (2002). 
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[11] M. Green and R. Levy, JOM 37, 63 (1985). 
6 
 
[12] C. L. Czekaj and G. L. Geoffroy, Inorg. Chem. 27, 8 (1988). 
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7 
 
1.4. Table 
Precursor Fe content  
x 
T substrate 
(°C) 
Impurities 
(at. %) 
Saturation 
magnetization 
(emu/g) 
Coercivity 
(Oe) 
Ref. 
CpFeCo(CO)6 
 
0.55 300-350 
C: 0.05 
O: ND 
NR NR 11 
0.24 50* 
C: 4 
O: 8 
30.5 NR 12 
HFeCo3(CO)12 
0.50 300-350 
C: ND 
O: ND 
102 NR 11 
0.24 200 
C: 2-3 
O: 5 
NR NR 13 
0.54 50* NR NR NR 12 
CpFe2Co(CO)9 0.46 50* NR NR NR 12 
Fe(CO)5 
Co(CO)3NO 
0.50 50* 
C: < 1 
O: 5-10 
24.2 NR 14 
Fe(CO)5 
Co2(CO)8 
0.12-0.40 50* NR NR NR 14 
0.55 230 
C: ND 
O: 1 
244** 
(2.45 T) 
< 20 
This 
work 
* photo-CVD 
** assuming bulk Fe0.55Co0.45 density 
TABLE 1.1: Reports on CVD growth of FexCo(1-x) alloy thin films.  ND = not detected, NR = not reported, 
and Cp = cyclopentadienyl. 
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CHAPTER 2  
 
IRON-COBALT ALLOY THIN FILMS WITH HIGH 
SATURATION MAGNETIZATIONS GROWN BY CONFORMAL 
METALORGANIC CVD 
2.1. Introduction 
 In this chapter, we describe the conformal CVD of FexCo(1-x) using a co-flow of the 
carbonyl precursors Fe(CO)5 and Co2(CO)8.  Although many growth conditions afford films with 
the wrong stoichiometries or with columnar microstructures that are subject to air oxidation, at 
very specific substrate temperatures and partial pressures (fluxes) of the precursors, films with 
near-ideal properties can be deposited reproducibly.  Under optimal conditions, the films are 
both dense and smooth, and have saturation magnetizations of 2.4 Tesla with coercivities below 
20 Oe. This process also affords films with good conformality in trench structures with aspect 
ratios up to 4:1. 
2.2. Experimental 
2.2.1. Precursors  
The molecules Fe(CO)5 and Co2(CO)8 were selected as precursors because they are 
commercially available (Fe(CO)5 from Pressure Chemical Co.; Co2(CO)8 from Strem Chemical 
Co.), free of heteroatoms other than carbon and oxygen, share the same CO ligand, and have 
high vapor pressures at room temperature (21 Torr for Fe(CO)5 and ~ 1 Torr for Co2(CO)8), so 
that no carrier gas is needed. Fe(CO)5 was distilled before use. Commercial samples of Co2(CO)8 
typically contain up to 5 wt. % hexane as a stabilizer; the hexane was removed under vacuum 
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before use. Purified samples of both precursors were stored and handled under argon. When used 
in single-source experiments, these molecules afford high quality Fe thin films [1-4] at 150-
500°C and Co thin films [5-10] at 50-400°C. However, as we note in Chapter 3, growth of Fe 
films exhibits unusual kinetics at low temperature. The growth of FexCo(1-x) films in the present 
experiments is facilitated by the broad overlap of the precursor reaction temperatures and the 
ability to establish a wide range of partial pressures in the reaction chamber. 
2.2.2. Apparatus  
FexCo(1-x) film growth was carried out at the University of Illinois using a low pressure, 
cold-wall CVD process. The growth chamber is a turbo-pumped high vacuum chamber with a 
base pressure of 10-8 Torr (Fig 2.1). The substrate was Ru (5 nm) / SiO2 (300 nm) / Si, heated by 
a PID controlled radiative heating box. The substrate temperature was measured by a K-type 
thermocouple. Initially, the thermocouple was affixed to the back of the heater box, but we found 
that this configuration led to irreproducible film composition because the temperature control 
was not sufficiently precise. More reproducible results were achieved by placing the 
thermocouple in direct contact with the substrate surface. 
The Fe(CO)5 precursor reservoir was held at 0 °C in an ice-water bath, and the flux of 
Fe(CO)5 was regulated by a needle valve. In order to obtain enough flux of Co2(CO)8, no needle 
valve was used. Instead, the Co2(CO)8 precursor reservoir was immersed in a water bath 
regulated during growth to within ± 0.5 °C. The bath temperature was chosen in the range 23-26 
°C depending on the flux desired; over this 3 °C temperature range, the absolute flux of 
Co2(CO)8 increases by a factor of 2.   
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The precursor fluxes were delivered to the chamber through separate stainless steel tubes.   
The flows of each precursor were adjusted separately before film growth (i.e., with a cold 
substrate) to obtain the desired background pressures in the chamber, as measured with a 
capacitance manometer mounted away from the substrate position.  We point out, however, that 
gases exiting dosing tubes have significant forward-directed velocities, and therefore when 
pointing towards the substrate at near normal incidence, the fluxes impinging on the substrate 
were larger than those that would be calculated from the background pressures. We took 
advantage of this fact to investigate film growth at two different fluxes, but the same background 
pressure.  Under “low flux” conditions, dosing tubes pointed away from the substrate so that 
local precursor fluxes on the substrate surface were the same as the background fluxes in the 
chamber (Fig. 2.1(a)). In selected “high flux” experiments, dosing tubes pointed toward the 
substrate at near normal incidence, the distance between the end of each tube and the substrate 
surface was 65 mm. A collimator was added to further enhance the partial precursor fluxes above 
the substrate. The collimator consisted of a 20 mm i.d. aluminum tube, which was mounted on 
the ends of the gas delivery tubes and which extended closer to the substrate, so that the distance 
between the end of the collimator and the substrate surface was only 40 mm (Fig. 2.1(b)).  No 
magnetic field was applied to the substrate during growth.  
To facilitate ex-situ analysis, selected FexCo(1-x) films were capped before they were 
removed from the growth chamber with a layer of CVD grown HfB2 -- a high-performance 
diffusion barrier -- to eliminate oxidation upon air exposure [11]. Compositional analyses were 
performed using Auger electron spectroscopy.  Film microstructure and thickness were measured 
by SEM on fracture cross-sections, and by TEM on FIB-prepared cross-sections. 
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Magnetic hysteresis loops were measured at Seagate Technology on a carefully calibrated 
vibrating sample magnetometer (Princeton MicroMag 3900). FexCo(1-x) samples of dimensions 
(5×5) mm2 were used to measure the easy and hard axes hysteresis loops with magnetic field 
oriented in the film plane. The magnetic field was swept between ± 1 T in steps of 2 Oe until full 
saturation was achieved. The magnetic moment was then normalized to the total volume of 
FexCo(1-x) thin films, calculated from the sample area measured by high resolution optical 
microscope and film thickness measured by cross sectional TEM (Fig. 2.4), which were 
performed at Seagate. The sum of errors arising from contributions of area, thickness and VSM 
is estimated to be ± 0.05 T. 
2.3. Results and discussion  
Depositions of FexCo(1-x) films from the carbonyl precursors Fe(CO)5 and Co2(CO)8 were 
carried out on Ru (5 nm) / SiO2 (300 nm) / Si substrates at temperatures less than 250 °C to stay 
within the thermal budget for device fabrication. The Ru seed layer was employed to facilitate 
initial nucleation and promote soft magnetic properties of deposited FexCo(1-x) film [12]. Because 
the depositions involve two different precursors with different volatilities and film deposition 
rates, an important issue is how the film composition varies with the substrate temperature and 
precursor partial pressures. We investigated two different flux conditions, one at low fluxes and 
one at high fluxes. Note that our CVD system operates in the low pressure regime (< 0.1 mTorr) 
for both low and high flux growth; therefore gas-phase collisions are minimal and only surface 
reactions need to be considered. 
2.3.1. Low flux conditions 
12 
 
One series of films was deposited at a substrate temperature of 210 °C, a constant 
Co2(CO)8 background pressure of 0.06 mTorr, and Fe(CO)5 background pressures ranging up to 
0.24 mTorr. We refer to these as “low flux” conditions.  
For Fe(CO)5 pressures between 0.14 and 0.24 mTorr, the fraction of iron in the FexCo(1-x) 
films increases slightly with increasing Fe(CO)5 pressure, from x = 0.72 at 0.15 mTorr to x = 
0.78 at 0.24 mTorr (Fig. 2.2 (b)).  However, these Fe-rich films have a columnar microstructure 
(Fig. 2.2) with an oxygen content of ~ 10 at. %; capping experiments (see experimental section) 
show that the oxygen arises by diffusion of oxygen or water molecules into the inter-column 
void spaces after the films are taken into air.   
Because the films described in the previous paragraph were iron-rich relative to the 
desired content of x = 0.5-0.7, a smaller Fe(CO)5 pressure of 0.11 mTorr was investigated.  The 
microstructure is now dense (Fig. 2.2 (a)) and the oxygen content low, < 1 at. %.  Surprisingly, 
however, the Fe content is very low: x = 0.36 near the surface (Fig. 2.2). The composition is not 
constant with depth and is Co-rich near the surface but Fe-rich near the substrate interface (Fig. 
2.3). This result indicates that the deposition kinetics under low flux conditions is a complex, 
non-linear function of the precursor pressures.  The compositional gradient was not due to 
variations in the precursor fluxes, which were verified to the constant.   
Numerous additional film deposition studies (not shown) at Co2(CO)8 pressures of 0.01-
0.08 mTorr, Fe(CO)5 pressures of 0.04-0.29 mTorr, and substrate temperatures of 200-250°C all 
exhibited the same features: films with x < 0.5 had a dense microstructure but variable 
composition across the film thickness, and those with x > 0.7 had a columnar microstructure and 
high oxygen content.  Under these low flux conditions, the growth of dense, smooth, and 
compositionally uniform films within the target range x = 0.5-0.7 was elusive.  
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In thin film deposition, increased surface roughness and columnar microstructures tend to 
be seen when high spots (peaks) in the surface topography intercept more of the incident flux 
than neighboring low spots (valleys) [13]. The surface will be smoother, and the formation of 
columns averted, when the sticking coefficient of the precursor is reduced; under these 
conditions, the precursor flux redistributes (homogenizes) because precursor molecules that fail 
to stick on the high spots in the topography can subsequently arrive in the valleys.  In CVD, the 
sticking coefficient can in many cases be reduced through the use of higher precursor fluxes.  
Mechanistically, this occurs when a large fraction of the reactive surface sites become blocked 
by adsorbed precursor or byproduct species, such that subsequently arriving molecules find no 
strong binding (chemisorption) sites and bounce off [14].  We therefore investigated the growth 
of FexCo(1-x) films at higher precursor fluxes. 
2.3.2. High flux conditions 
As mentioned above, high flux conditions were established by pointing the precursor 
tubes normal to the substrate and attaching a collimator to the ends of the dosing tubes.  The 
modified setup does not change the background pressures measured remotely in the chamber, but 
forward-directed gas streams and the reduced distance between the substrate and collimator 
greatly increase precursor fluxes on the substrate surface. Meanwhile, the use of a gas collimator 
with a diameter of 20 mm, comparable to the substrate dimension, affords reasonably uniform 
fluxes on the substrate surface.  
Precursor fluxes under high and low flux condition were estimated experimentally using 
conditions such that the growth rate was kinetically limited by the flux, and therefore 
proportional to the flux.  Pure Fe films were grown at 200°C with Fe(CO)5 background pressure 
of 0.1 mTorr at both high flux and low flux conditions; the growth rate ratio was 3.5.  Therefore, 
14 
 
we conclude that the precursor flux was approximately 3.5 times larger in the high flux 
condition. 
At the higher fluxes generated by the collimators, FexCo(1-x) films grown at 230 °C are 
very high quality:  they are dense, non-columnar, low in oxygen and carbon (< 1 at. %), and 
compositionally homogeneous.  With Co2(CO)8 background pressures of 0.05-0.07 mTorr and 
Fe(CO)5 background pressures of 0.07-0.17 mTorr, films can be obtained reproducibly with iron 
contents between x = 0.42 and x = 0.76.  For example, films 340 nm thick (Fig. 2.4) with x = 
0.55 can be grown in 6 min at 230 °C with an Fe(CO)5 background pressure of 0.14 mTorr and a 
Co2(CO)8 background pressure of 0.05 mTorr.  This film has a Fe to Co ratio that is constant 
with depth (Fig. 2.5), an oxygen content of only ~ 1 at. %, and a carbon content below the 
detection limit of ~ 1 at. %. X-ray analysis indicates a polycrystalline structure, with a lattice 
constant consistent with bulk values for this composition [15]. (See Fig 2.8 for XRD data.)  
Magnetic hysteresis loops measured at room temperature show that the film has a coercivity of 
between 13 and 20 Oe (depending on the in-plane direction), consistent with the low impurity 
concentrations, and a saturation magnetization of 2.45 ± 0.05 Tesla, the highest value possible in 
the Fe-Co system (Fig. 2.6). The coercivities are comparable with those of high quality PVD-
grown films of similar composition and thickness [16], and could be further reduced by post-
deposition annealing in the presence of an in-plane field [17] or using different seed layers [15, 
18]. The saturation magnetization of 2.45±0.05 Tesla seen for films with a composition 
Fe0.55Co0.45 is essentially equal to the well-known Slater-Pauling maximum Bs, which in bulk 
samples is seen at a composition of Fe0.65Co0.35. 
2.3.3. Temperature dependence 
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The stoichiometry of the films grown under high flux conditions is reproducible, 
provided that the growth temperature is very precisely controlled.  Temperature variations of 
several degrees (or more) are typical in vacuum deposition processes because IR radiative 
coupling between the heater and the substrate is weak.  In addition, because this is a CVD 
process, metal may be deposited on the emitting and receiving surfaces within the heater 
enclosure during successive film growths, which shifts the emissivity values.  We found that 
these small temperature variations caused large changes in film stoichiometry:  three films grown 
at the same nominal temperature of 230 °C (measured using the original thermocouple location) 
were dense and compositionally homogeneous, but had iron contents that were 0.48, 0.55 and 
0.62.  This variability probably reflects the strong dependence of the rate of deposition of iron 
from the Fe(CO)5 precursor, which is known to decrease with increasing temperature [19, 20].  
We performed one test experiment in which the nominal substrate temperature was decreased in 
stages during film growth. The Fe concentration was observed to increase, consistent with the 
reported trend. 
Reproducible film stoichiometries can be obtained by affixing the thermocouple directly 
to the substrate.  Under these conditions of more precise temperature control, triplicate repetition 
at 230 °C under the same growth conditions afforded films with consistent compositions: the 
iron content was 0.55, 0.53, and 0.53.    
Not surprisingly, in view of the results above, the width of the temperature window for 
obtaining high-quality films is rather narrow.  For the precursor fluxes that give the high-moment 
Fe0.55Co0.45 films at 230 °C, we find the following.  At 210 °C the films are columnar, are richer 
in Fe, and have an oxygen content of 10 at. % after air exposure.  At 235 °C, the films are dense 
and relatively smooth, but are richer in Co near the surface and are compositionally non-
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homogeneous.  All of these properties are similar to those seen for films grown under low flux 
conditions. 
2.3.4. Conformal growth in trench structures  
Under the optimal growth conditions described above (high flux conditions, substrate 
temperature of 230 °C, Fe(CO)5 background pressure of 0.14 mTorr, and Co2(CO)8 background 
pressure of 0.05 mTorr), films were grown in trenches with progressively higher aspect ratios 
(Fig. 2.7). For AR ≤ 4 the conformality is good with uniform sidewall thickness (Fig. 2.7a); 
whereas for AR > 4 the lower sidewalls are coated uniformly but pinch-off effects are apparent. 
In a trench with an aspect ratio of 3:1, the sidewall thickness is greater on the right than the left 
(Fig. 2.7c). This asymmetry is attributed to a slight off-normal angle of incidence for the 
forward-directed precursor flux, in combination with an effective sticking coefficient that we 
estimate to be ~ 0.1-0.3; the latter is low enough to afford conformality, but high enough that 
asymmetry in the incident flux still matters. Note that the bottom coverage (defined as ratio of 
film thickness at bottom to that at top) is approximately 66 %, which is significantly higher than 
that achieved by standard PVD methods. 
2.4. Conclusion 
We demonstrate a process to grow dense, smooth, and high-purity FexCo(1-x) thin films by 
CVD using a co-flow of the precursors Fe(CO)5 and Co2(CO)8 at a substrate temperature of 
230 °C.  Successful growth requires relatively high precursor fluxes above the substrate and 
precise control of substrate temperature. At a composition x = 0.55, the coercivity is < 20 Oe and 
the saturation magnetization attains the theoretical maximum of 2.45 ± 0.05 Tesla. Conformality 
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is good: in trench structure of aspect ratio ≤ 4, film thickness is uniform on the trench walls and 
bottom. 
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2.6. Figures 
FIG. 2.1. Turbo-pumped high vacuum chamber for cold wall CVD in configurations (a) “low 
flux condition” and (b) “high flux condition” 
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FIG. 2.2. Pressure dependence of Fe content under low flux growth conditions. Inserted cross-
sectional images show microstructures for films deposited on Ru-coated SiO2 substrate at 210 °C 
from (a) 0.11 mTorr of Fe(CO)5  and 0.06 mTorr of Co2(CO)8, or (b) 0.15 mTorr of Fe(CO)5 and 
0.06 mTorr of Co2(CO)8.  The open, faceted microstructure of (b) indicates the instability of 
growth at higher Fe fluxes.  
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FIG. 2.3. Auger sputter depth profile of a film deposited on Ru-coated SiO2 substrate at 210 °C 
under low flux conditions from 0.11 mTorr of Fe(CO)5 and 0.06 mTorr of Co2(CO)8.  Carbon 
content (not shown) is below the detection limit.  Hafnium and boron in the HfB2 capping layer 
(sputtering times up to 25 sec), silicon in the substrate, and ruthenium in the seed layer are not 
shown for simplicity. 
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FIG. 2.4.  Cross-sectional bright field TEM image of Fe0.55Co0.45, grown on Ru-coated SiO2 
substrate at 230 °C under high flux conditions from 0.14 mTorr of Fe(CO)5 and 0.05 mTorr of 
Co2(CO)8.  The average thickness is 336 nm.  The morphology is dense, free of voids, and 
exhibits crystallographic columns perpendicular to the substrate, as expected for a deposited 
metal film.  Dark contrast at the top and bottom is due to the HfB2 cap and the Ru seed layer, 
respectively.   
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FIG. 2.5.  Auger sputter depth profile of Fe0.55Co0.45, grown on Ru-coated SiO2 substrate at 
230 °C under high flux conditions from 0.14 mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8. 
Carbon content (not shown) is below the detection limit. Hafnium and boron in the HfB2 capping 
layer (sputtering times up to 150 sec), silicon in the substrate, and ruthenium in the seed layer are 
not shown for simplicity.   
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FIG. 2.6.  Magnetic properties of Fe0.55Co0.45 film grown on Ru-coated SiO2 substrate at 230 °C 
under high flux conditions from 0.14 mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8.  The two 
magnetization loops (red and black) were taken along two orthogonal in-plane directions. The 
magnetization is obtained by normalizing the moment to the total volume of the FeCo film. The 
average saturation value of the two field directions is 2.45 Tesla. 
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FIG. 2.7.  Cross-sectional SEM image of FeCo film grown at 230 °C under high flux conditions 
from 0.14 mTorr of Fe(CO)5 and 0.05 mTorr of Co2(CO)8 in Ru-coated SiO2 trench structures, 
aspect ratios are labeled at the trench bottom.  Variable trench structures exhibit good film  
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FIG. 2.7. (continued) conformality for aspect ratios below ~ 4 and onset of pinch-off for aspect 
ratios above ~ 4; (a) and (b) are from the same cross section, displayed here in two pieces for 
clarity; (c) in an aspect ratio of 3:1, modest thickness variations are due to the directionality of 
the incident flux. 
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FIG. 2.8.  Bragg-Brentano XRD on a Fe0.55Co0.45 film. Peaks observed at 44.99°, 65.69°, and 83° 
corresponds to bcc FeCo (110), (200) and (211) planes, indicating a polycrystalline structure. 
The lattice constant calculated from peak positions of (110) and (200) is 2.847 Å and 2.844 Å, 
0.3% smaller than the bulk value.   
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CHAPTER 3  
 
IRON CVD FROM IRON PENTACARBONYL: GROWTH 
INHIBITION BY CARBON MONOXIDE DISSOCIATION AND 
USE OF AMMONIA TO RESTORE CONSTANT GROWTH 
3.1. Introduction 
Thin films of Fe and Fe-based alloys have numerous device applications, including FePt 
for thermally stable recording media [1], FePb for ferromagnetic shape memory alloys [2] and 
FeNi, FeCo and FeNiCo for use in data storage or MEMS devices [3].  The growth of such films 
via the chemical vapor deposition (CVD) process is attractive because of the ability of CVD to 
coat three-dimensional or recessed structures.  However, the growth of iron-containing thin films 
with useful properties by CVD exhibits anomalous kinetics.  For example, literature reports on 
Fe CVD from Fe(CO)5 suggest that the growth rate decreases with increasing substrate 
temperature from 200-450 °C, contrary to the expectation that thermal activation should increase 
the growth rate [4-7]. The latter effect has been attributed to etching of the deposited Fe at higher 
temperatures by reaction with byproduct CO molecules [7]. However, as we will show below, 
this reaction is thermodynamically unfavorable under the CVD conditions used, and therefore 
cannot be correct.  
As described in Chapter 2, we reported that FeCo alloys with saturation magnetizations 
near the theoretical maximum can be grown by low temperature chemical vapor deposition 
(CVD) from the precursors Fe(CO)5 and Co2(CO)8 [8]. We found, however, that the film 
composition was unusually sensitive to growth temperature and precursors fluxes: at higher 
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growth temperatures the Fe content typically was greatest at the beginning of the deposition but 
decreased significantly as the deposition proceeded. These problems could be solved, but only by 
strictly confining the deposition temperatures and pressures to a very small range; however, the 
cause of the compositional variation remained unknown. 
In this chapter, we describe in detail the unusual temperature dependence of the growth 
rate of Fe from Fe(CO)5, and we propose a mechanistic explanation of the anomalous behavior 
based on dynamic surface poisoning due to CO ligand reactions.  We then describe a way to 
eliminate the anomalous behavior by co-flow of NH3, which suppresses CO reactions by 
competitive surface chemistry.  
3.2. Experimental 
Fe thin films were grown in a cold wall, turbo-pumped chamber of high vacuum 
construction [8] with pumping speeds of approximately 22 and 58 L/s for the Fe(CO)5 precursor 
and for CO, respectively. The substrate was Ru (5 nm) / SiO2 (300 nm) / Si, of area ~ 1×1 cm, 
placed on a stainless steel substrate holder, radiatively heated to temperatures of 200-300 °C as 
measured by a thermocouple attached close to the substrate on the holder surface. The total area 
of hot heater block is approximately 20 cm2. The precursor Fe(CO)5, which has a relatively high 
vapor pressure at room temperature (21 Torr), was cooled to 0 °C in an ice-water bath and the 
flux to the chamber was regulated by a needle valve. In selected experiments, carbon monoxide 
or NH3 gas was delivered as a co-flow. All fluxes were delivered to the chamber through 
separate stainless steel tubes of inner diameter 4.8 mm. The Fe(CO)5 flux was pointed towards 
the substrate unless otherwise specified; the flux of carbon monoxide or NH3 was pointed to the 
cold chamber wall. The flows of each molecule were adjusted separately before film growth (i.e., 
with a cold substrate) to obtain the desired partial pressures, as measured with a capacitance 
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manometer mounted away from the substrate position. Fe(CO)5 pressure was 0.10 mTorr in the 
depositions, unless otherwise specified. Both Fe(CO)5 and NH3 were distilled before use, the 
latter from sodium to remove traces of water. Ex-situ compositional analyses were performed 
using XPS. Film microstructure and thickness were measured by SEM on fracture cross-sections 
and in selected cases by Rutherford backscattering spectrometry (RBS).  
3.3. Results and discussion 
We have carried out a series of studies to better understand the chemical vapor deposition of 
iron from the carbonyl precursor Fe(CO)5.  In the following subsections, we provide 
experimental evidence concerning: the growth rate as a function of temperature (3.3.1), the effect 
of intentionally added CO (3.3.2), and the self-limiting thickness of the resulting films (3.3.3); 
we then hypothesize and discuss the mechanism of surface poisoning by dissociative 
chemisorption of CO (3.3.4), and the effect of adding hydrogen (3.3.5); finally we introduce, 
document, and discuss the elimination of surface poisoning by a co-flow of NH3 during growth 
(3.3.6). 
3.3.1. Growth rate and morphology of Fe films vs. temperature 
Our initial experiments examined the Fe film thickness produced from Fe(CO)5 at a 
constant precursor pressure of 0.10 mTorr and constant growth time of 10 min, but at different 
growth temperatures. The net thickness divided by growth time decreased sharply with 
increasing temperature, from 120 nm/min at 200 °C to ~ 5 nm/min at 300 °C (Fig. 3.1).  In 
addition to the change in average growth rate, the film morphology changed from sharply-
faceted and columnar at 200 °C to featureless and relatively smooth at 300 °C (Fig. 3.1). 
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This behavior is consistent with literature reports on Fe growth from Fe(CO)5 under both 
atmospheric pressure and low pressure CVD conditions:  Lane et al.,[4] Senocq et al.,[6] and 
Low et al.,[5] observed that the Fe growth rate decreases at higher temperatures. They attributed 
this unexpected behavior to an etching reaction in which the byproduct CO reacts with deposited 
Fe to reform the Fe carbonyl at elevated temperature.  
We point out, however, that the Gibbs energy change for the Fe(CO)5 decomposition 
reaction is -136 kJ/mol at 300 °C [9], so the reverse reaction is extremely unfavorable: in 
thermodynamic equilibrium, for 0.10 mTorr of Fe(CO)5 precursor it would require > 20 
atmospheres of CO to drive the Fe(CO)5 decomposition reaction backwards. Consistent with this 
value, the industrial synthesis of Fe(CO)5 from Fe and CO is performed at 150-200 °C under 50-
300 atmospheric pressures of CO [10]. The pressures of CO in our experiments, and in other 
studies of Fe deposition from Fe(CO)5, are many orders of magnitude smaller. Hence, etching of 
Fe by CO is impossible under typical CVD conditions, and another factor must be responsible 
for the decrease in growth rate at higher temperature.   
3.3.2. Effect of co-flow of carbon monoxide on Fe growth 
Although it is thermodynamically impossible for CO to etch iron under our growth 
conditions, CO may affect the Fe deposition in other ways.  To explore this possibility, we added 
CO to the chamber during growth from 0.03 mTorr Fe(CO)5 at 200 °C (Fig. 3.2). Interestingly, 
the effect of increasing the partial pressure of CO from 0 to 3 mTorr was similar to the effect of 
increasing the substrate temperature in the absence of added CO: the average growth rate (as 
calculated from the net thickness divided by the growth time) decreased. In addition, at the 
higher CO pressures, the film microstructure changed from columnar and faceted to dense and 
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smooth, so that the morphology of a film grown with 3 mTorr* to that seen for films grown at 
300 °C using the precursor alone. If a single mechanism controls both the change in growth rate 
and the change in morphology, these results raise the intriguing possibility that this same 
mechanism can be activated either by higher temperatures or by a higher partial pressure of CO. 
3.3.3. Self-limiting thickness and the instantaneous growth rate 
We now present a series of experiments that shows that the growth rate of Fe from 
Fe(CO)5 is not a constant with time, but rather decreases monotonically over the course of a 
deposition run.  Consequently, it is somewhat misleading in this system to report growth rates as 
the thickness divided by the growth time, because the derived value is not fundamental.  Such 
isochronal experiments can, however, give general information about the change in average 
growth rate as a function of the deposition conditions.   
If the growth rate decreases steadily with time, then the films should reach a limiting 
thickness and then stop growing.  This is indeed what we see at 300 °C.  One Fe film was grown 
at 300 °C for 10 min and a precursor pressure of 0.10 mTorr; the final thickness was 50 nm (Fig 
3.3). A second Fe film was grown at 300 °C for 30 min at the same partial pressure was again 50 
nm thick, indicating that the film growth had stopped within the first 10 min.  In contrast, at 
lower temperatures of 200 or 250 °C, growth continues to occur (i.e., the films are still becoming 
thicker) at the 10 minute mark. 
Once the films have stopped growing, growth cannot be re-initiated.  This conclusion was 
reached by growing a film in two steps: first at 300 °C for 10 min, then at 200 °C for an 
                                                     
* Note that the partial pressure of CO in the chamber due to growth using the precursor alone is 
relatively small, less than 0.2 mTorr; the added CO changes the growth rate (and morphology) 
only at much higher partial pressures. 
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additional 10 min. Despite the exposure to precursor at 200°C, at which temperature film growth 
should take place, the resulting film thickness was also 50 nm. This experiment provides further 
evidence that the reduction in growth rate at higher temperatures cannot be the result of a higher 
desorption rate of unreacted precursor, as proposed previously by others.  The most reasonable 
conclusion is that the surface changes during a deposition run, and eventually becomes unable to 
sustain growth.  
The above results led us to monitor directly the film thickness as a function of time, so as 
to determine how the instantaneous growth rate changes in the course of a deposition under 
constant conditions.  Films were grown at 300 °C and a precursor pressure of 0.10 mTorr, and 
the thicknesses were measured by RBS for deposition times varying from 0.5 to 30 min. As we 
expected, the film growth rate decreases continuously from over 10 nm/min at the beginning of 
the run, to 0 nm/min after ~ 10 min.  The film asymptotically approached a final thickness of 25 
nm† (Fig. 3.4). 
Consistent with the results in the previous section, addition of CO also reduces the self-
limiting thickness of the films:  At 300 °C and a precursor partial pressure of 0.10 mTorr, a film 
grown for 30 minutes with a co-flow of 4 mTorr of CO reached a limiting thickness of only 15 
nm, instead of 50 nm without added CO.  
The results of this section can be summarized as follows.  At a substrate temperature of 
300 °C, Fe films grown from Fe(CO)5 reach a self-limiting thickness and then stop growing; the 
limiting thickness is even smaller if CO is co-flowed with the precursor. Interestingly, this self-
                                                     
† For these experiments only, the precursor flux was reduced by a factor of ~ 2.5 relative to the 
conditions of Fig. 1 by directing the injection tube towards the cold chamber wall instead of the 
substrate. The smaller self-limiting thickness is the result of the lower precursor flux. 
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limiting effect should provide a means to obtain highly conformal and smooth coatings in deep 
features, such as trenches or vias, provided that the dimensions are large enough that the self-
limiting phenomenon occurs. Adding CO to the growth affords a means to regulate this thickness 
to smaller values, or to assure conformal coverage in features with very small dimensions.  
3.3.4. Hypothesis: surface poisoning slows Fe growth 
It is well established that a reduction in the density of active surface sites can diminish 
the growth rate in CVD, e.g., due to dopant segregation [11-14] in silicon CVD.  Here, we 
propose that the self-limited deposition of Fe in the current CVD process is likewise due to a 
decrease in the density of active surface sites caused by a second chemical reaction, which 
slowly but steadily poisons the surface.  This hypothesis draws on known reaction chemistry for 
Fe surfaces, and is the CVD equivalent of the poisoning effect known to occur in many catalytic 
processes [15]. 
The productive reaction in the current CVD process is the decomposition of adsorbed 
Fe(CO)5 precursor, which yields Fe and adsorbed CO on the film surface [16, 17].  
Fe(CO)5(ads) → Fe + 5CO(ads) (1) 
The adsorption, dissociation, and reaction of CO on Fe surfaces have been investigated for 
decades, especially in studies of the Fischer-Tropsch (F-T) process that synthesizes hydrocarbons 
from CO and H2 
15. These results are directly relevant to our findings.  Specifically, it is well 
established that CO can physisorb onto clean iron surfaces. In a subsequent step, the physisorbed 
CO may desorb intact (the reverse of Eq. 2) or undergo dissociative chemisorption to carbon and 
oxygen atoms [18-20]:  
CO(g) → CO(ads) (2) 
CO(ads) → C(ads) + O(ads) (3) 
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The products in Eq. (3) are chemically active, and react by means of several competitive 
channels.  One of these is channels is reaction to form iron oxides and carbides [15], another is 
reaction of oxygen atoms with CO(ads) to form CO2(g), and a third is conversion of carbon 
atoms to graphitic carbon deposits on the surface:  
C(ads) + xC(ads) → Cgraphitic (4) 
The formation rate of graphitic carbon on iron increases sharply with temperature; an 
activation energy of 27 kcal/mol was reported for carbon deposition between 285 and 338 °C 
[21].  In F-T catalysis, the accumulation of graphitic carbon eventually blocks active surface 
sites, which reduces and ultimately shuts down the catalytic activity of the iron substrate.  
Although F-T synthesis has mostly been performed using Fe powders, smooth Fe surfaces 
exhibit the same effect:  the catalytic reduction of carbon monoxide over Fe at 260 °C slows 
down and eventually stops owing to the accumulation of graphitic carbon [18].  
Similarly, we propose that the accumulation of graphitic carbon by reaction (4) slows and 
eventually stops deposition of additional Fe in the present CVD process by blocking the active 
sites for Fe growth. Although we do not know whether these active sites are the same as those 
that are active for F-T catalysis, the outcome – poisoning of the surface so that it is inert toward 
further reaction – is the same.  
In Fe CVD, C(ads) as well as iron oxides and carbides can potentially be buried by 
subsequent Fe film deposition (a pathway that is not operative in F-T synthesis).  If the formation 
rate of poisons such as inactive carbon is relatively low, it might be possible to bury the carbon 
atoms quickly enough that the growth rate is reduced but not stopped.  At a high formation rate 
of inactive carbon, however, i.e., at high temperature or with a large flux of CO from the gas 
phase, the buried carbon will saturate and then segregate onto the film surface [22, 23], similar to 
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the carbon segregation mechanism of graphene formation [24-26].  As carbon builds up on the 
surface, fewer active sites remain available for precursor adsorption and reaction, and film 
growth slows and eventually stops.  It has also been reported that carbon atoms migrate and 
preferentially segregate on specific facets23, which is consistent with the disappearance of facets 
we see when the Fe depositions are conducted at higher temperatures (Fig. 3.1) or in the presence 
of excess CO (Fig. 3.2). 
Ex situ XPS analysis of our Fe films shows that only small amounts of carbon are present 
on the fully poisoned Fe sample surface grown at 300 °C; the amount is similar to what would be 
expected from exposure to the atmosphere during sample transfer. After 5 seconds of Ar+ plasma 
sputtering to remove surface carbon contamination, XPS detected a very small carbon peak 
slightly above the noise level, consistent with a low equilibrium solubility (less than 0.02%) of 
carbon [27] at the growth temperature (Fig.3.5).   
The poisoning effect of carbon explains why previous workers found that the iron growth 
rate from Fe(CO)5 slows considerably as the temperature is increased to about 300 °C.  In one of 
these earlier studies, Lane et al.[7], investigated how the iron deposition rate was affected by co-
flowing the olefin pentamethylcyclopentadiene with the Fe(CO)5, using hydrogen as a carrier. At 
200 °C, the growth rate decreased almost linearly with the amount of olefin added; in our 
assessment of their experiment, this observation is consistent with the olefin providing carbon 
atoms that poison the surface.  At 300 °C and above, addition of olefin increased the amount of 
deposition (the growth rate is nearly zero without it).  In Lane’s study, however, film 
composition was not investigated, and the results could be explained if the 
pentamethylcyclopentadiene pyrolyzes at the higher temperatures. In other words, the apparent 
37 
 
increase in iron deposition rate may actually have reflected deposition (or co-deposition) of 
carbon.   
A mechanistically very different adsorbate-related effect on Fe growth from Fe(CO)5 was 
described by Zaera [17, 28]. Below room temperature, the byproduct CO remains intact on the 
surface and stops Fe growth by inhibiting adsorption of additional Fe(CO)5. Above room 
temperature, the adsorbed CO can be displaced by incoming Fe(CO)5 molecules and continuous 
Fe deposition then occurs.  At elevated temperature, Carlton and Oxley showed that high 
pressures of CO (up to 20 Torr) can suppress the Fe deposition rate from Fe(CO)5 by acting as an 
inhibitor [38]. 
3.3.5. Effect of hydrogen on Fe growth 
In principle, the addition of hydrogen could suppress the formation of inactive carbon by 
removing surface carbon in the form of volatile hydrocarbons. We introduced a co-flow of 4 
mTorr H2 with 0.10 mTorr Fe(CO)5 at growth temperatures from 200 to 300 °C. Interestingly, 
the growth rate was not affected by the added H2. This result is consistent with studies of the F-T 
process in the same temperature range: the Fe catalyst becomes deactivated due to carbon 
deposits even in the presence of H2. Similarly, in literature reports of Fe CVD, the phenomenon 
of a decreasing growth rate was observed even when 500 sccm of H2 [5] or one atmospheric 
pressure of H2 [4] was co-flowed with the Fe(CO)5 precursor. Evidently, either the surface 
population of H atoms, or the rate at which the surface C atoms react with H atoms on the Fe 
surface, is negligible under the conditions involved.  
3.3.6. Elimination of poisoning using NH3 co-flow 
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If there were a way to inhibit the dissociative chemisorption of carbon monoxide, 
reaction (3), then it would be possible to eliminate the poisoning effect.  Even if the inhibition 
effect is not 100% efficient, any residual carbon atoms could be consumed by formation of bulk 
iron carbide, or buried by subsequently deposited iron, so that the inactivating effect of graphitic 
carbon would be avoided. 
We have found that addition of ammonia to the deposition process has exactly this effect 
on the CVD of Fe from Fe(CO)5.  Specifically, for Fe films grown from 0.10 mTorr of Fe(CO)5 
in the presence of a co-flow of 4 mTorr NH3, the growth rate (which is flux-limited under these 
conditions) is essentially constant between 200 and 300 °C (Fig. 3.6); in other words, the 
poisoning effect seen at 300 °C when iron is deposited from Fe(CO)5 in the absence of ammonia 
has been almost completely eliminated.   
Note that the growth rate with co-flow of NH3 at 200 °C is smaller than the (initial) 
growth rate without dosing gas.  This may be due to scattering by NH3 molecules of the forward-
directed precursor flux away from the substrate surface.  This hypothesis was supported by 
varying the NH3 pressure during Fe growth at 300 °C (Fig. 3.7). For partial pressures < 0.5 
mTorr, the poisoning effect is not totally eliminated: the film growth begins with a dense layer, 
then tall features emerge, and the overall thickness is lower than for growth with greater 
pressures of NH3. The highest growth rate occurs for a NH3 pressure of 0.5 mTorr, where the 
growth rate is 17 times higher than when using the precursor alone. For NH3 pressures of 1 
mTorr and above, the growth rate is slightly reduced, which may also be due to increased gas 
phase scattering. 
The added ammonia does not detectibly change the composition of the films.  The 
amount of nitrogen in the deposited film is below the XPS detection limit of ~ 1 at. % (data not 
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shown). This result is consistent with studies of NH3 on Fe surfaces:  above 100 °C ammonia 
reacts to form chemisorbed N and H atoms, which at higher temperatures desorb as N2 and H2 
[29,30].  Evidently, under our growth conditions, either the rate of NH3 decomposition is low, or 
N removal is facile. At these concentrations, incorporation of N is known to have little negative 
effect on the electrical conductivity and soft magnetic properties of Fe [31].  
The morphology of the deposited Fe films deposited in the presence of ammonia varies 
considerably with temperature (Fig 3.6). This is, however, the expected result for Fe growth on a 
clean surface: very similar morphologies have been reported for physical vapor deposition of Fe 
[32,33]. We can interpret our results in terms of Thornton’s zone diagram, which uses the 
homologous temperature (T/Tmelt) as a key parameter [34,35]. Films grown at 200 °C have a 
typical ‘Zone 1’ morphology with domed tops separated by voided boundaries. As temperature 
increases above 250 °C (T/Tmelt = 0.29), the increased surface diffusion of Fe atoms results in a 
‘Zone 2’ morphology with denser columns and a smoother surface, consistent with the predicted 
transition to Zone 2 around T/Tmelt ~ 0.3.  
We believe that the ammonia in our CVD experiments counteracts the poisoning effect 
by one of two mechanisms:  it either displaces the adsorbed CO before it can dissociatively 
chemisorb, or blocks the sites necessary for CO chemisorption (or both). Strong evidence in 
support of this hypothesis comes from a study by Rochester et al.[36] who used infrared 
spectroscopy to evaluate the competitive adsorption, dissociation, and reaction of CO and NH3 
on SiO2-supported Fe catalyst particles at temperatures between 25 and 400 °C . Although 
carried out primarily using a dosing protocol (rather than a continuous feed), and in the absence 
of Fe growth, this study revealed the ability of NH3 both to block CO adsorption and to displace 
previously adsorbed CO. Thus, whereas CO binds readily to Fe surfaces at both atop and bridge 
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sites at room temperature, no CO binds if the surface is exposed to NH3 followed by CO. When 
an Fe surface is exposed to a mixture of both 75 Torr of NH3 and 75 Torr of CO between 25 and 
350 °C, FTIR bands due to adsorbed NHx species and the cyanate group, –NCO, can be seen.  
When this surface is subsequently exposed to vacuum at 217 °C, the intensity of the latter band 
is reduced by 97 %. A similar study of CO and NH3 on a Pd surface indicated that –NCO groups 
can be removed from the surface by reacting with surface hydrogen atoms (generated by 
dissociation of ammonia) to form gas phase HNCO [37]. This latter reaction pathway plausibly 
can also occur on iron.  
3.4. Conclusion 
The present results show that the growth rate of Fe from Fe(CO)5 is reduced by elevated 
substrate temperature and co-flow of carbon monoxide, and that the films reach a self-limiting 
thickness when they are grown at such higher temperatures. These effects most likely result from 
a surface poisoning effect in which the dissociative chemisorption of carbon monoxide forms 
inactive surface species that slow down and eventually stop Fe growth by blocking sites 
necessary for the CVD reaction to take place.  
The present results also show that adding a co-flow of NH3 during growth eliminates the 
surface poisoning effect, resulting in pure Fe films with stable growth rates between 200 °C to 
300 °C. We attribute this result to the ability of NH3 to block CO adsorption and to displace 
adsorbed CO from the growth surface. 
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3.6. Figures 
 
FIG 3.1. Fe film thickness and morphology (insets) vs. substrate temperature at a precursor 
pressure of 0.10 mTorr for a constant growth time of 10 min. 
  
44 
 
 
FIG 3.2. Fe film thickness and morphology vs. added CO pressure at a substrate temperature of 
200 °C, a precursor pressure of 0.03 mTorr, and a growth time of 10 min. 
  
45 
 
 
FIG 3.3. SEM cross-section images of Fe films grown using a precursor pressure of 0.10 mTorr 
at: a) 300 °C for 10 min; b) 300 °C for 10 min then 200 °C for 10 min; c) 300 °C for 30 min. 
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FIG 3.4. RBS thicknesses of Fe films grown at a substrate temperature of 300 °C and a precursor 
pressure of 0.10 mTorr for different lengths of time.  
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FIG 3.5. Ex-situ XPS of Fe film grown at 300 °C using a precursor pressure of 0.10 mTorr. Film 
was sputtered by Ar plasma for 5 sec to remove surface carbon contamination. The peak at 529 
eV is oxygen peak due to air exposure, which disappears after 5 min of Ar plasma sputtering. 
The very small peak at 285 eV (inset) corresponds to a carbon incorporation less than 1 at. %. 
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FIG 3.6. Fe film thickness and morphology (insets) vs. substrate temperature with a co-flow of 4 
mTorr NH3, a precursor pressure of 0.1 mTorr, and a growth time of 10 min. 
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FIG 3.7. Fe film thickness and morphology (insets) vs. NH3 pressure at a substrate temperature 
of 300°C, a precursor pressure of 0.1 mTorr, and a growth time of 10 min. 
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CHAPTER 4  
 
CVD OF MAGNETIC IRON-COBALT ALLOY THIN FILMS: 
USE OF AMMONIA TO IMPROVE AND STABILIZE GROWTH 
FROM CARBONYL PRECURSORS 
4.1. Introduction 
In Chapter 2, we reported a CVD process using the precursors Fe(CO)5 and Co2(CO)8 that 
affords FexCo(1-x) alloys with saturation magnetization near to the theoretical maximum of 2.45 
Tesla [1].  However, the film composition and microstructure in this CVD process were 
unusually sensitive to the ratio of precursor fluxes and to the substrate temperature. When the 
precursor flux ratio was varied from run to run in order to achieve the target stoichiometry (x = 
0.5-0.7), the composition changed nonlinearly and often was accompanied by a significant 
change in the surface morphology.  In addition, the temperature window to grow high quality 
film was unusually narrow: around the optimum of 230 °C, a variation of only a few degrees 
would shift the film stoichiometry from Fe-rich to Co-rich relative to the target stoichiometry. 
Furthermore, at higher growth temperatures, the Fe content was typically greatest at the 
beginning of the deposit and decreased significantly as growth proceeded. These problems were 
solved by strictly controlling the deposition temperature and precursor pressures to within very 
narrow ranges. However, the fundamental cause of the strong compositional and morphological 
variations remained unknown.  
In Chapter 3, we showed that Fe CVD from the Fe(CO)5 precursor is strongly influenced 
by a surface poisoning effect in which the ligand CO dissociates on the Fe surface to form 
inactive surface carbon that blocks active sites for Fe growth [2].  The poisoning effect is 
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enhanced at elevated substrate temperature, and also when the flux of CO to the surface is 
increased. We then introduced a new approach: by co-flowing NH3 along with the Fe(CO)5 
precursor during growth, the surface poisoning effect is completely eliminated, and the deposited 
film does not contain measurable amounts of nitrogen.  We proposed a mechanism in which 
adsorbed NH3 displaces CO from the growth surface such that the rate of CO chemisorption is 
strongly inhibited, and NH3 leaves the surface either intact or via associative desorption to form 
N2 plus H2.  
In this chapter, we show that the strong compositional and morphological variations in 
FexCo(1-x) CVD are due to the same poisoning effect observed in the growth of pure Fe films.  
We first describe the dependence of the FexCo(1-x) alloy composition on the substrate temperature 
and the precursor flux ratio, and explain these dependencies in terms of surface poisoning on Fe 
sites. We then demonstrate that a co-flow of NH3 eliminates the unusual behavior, such that the 
temperature window for FexCo(1-x) growth is greatly enlarged, the film stoichiometry is stable 
and depends linearly on the precursor flux ratio, and the morphology is reproducible.  The net 
effect is to make FexCo(1-x) deposition by CVD a reliable and easily controlled process using the 
convenient precursors Fe(CO)5 and Co2(CO)8 in combination with the inhibitor NH3. 
4.2. Experimental 
FexCo(1-x) films were grown in a turbo-pumped high vacuum chamber with a base 
pressure of 10-8 Torr. The substrate was air-exposed Ru (5 nm) / SiO2 (300 nm) / Si, radiatively 
heated with a proportional-integral-derivative controlled heating box. The Fe(CO)5 precursor 
reservoir was cooled to 0 °C in an ice-water bath, and the flux was regulated by a needle valve. 
The Co2(CO)8 precursor reservoir was held in a water bath at 23.0 ± 0.5 °C with no needle valve 
in the delivery line; this source gave a constant precursor partial pressure of 0.050 ± 0.003 mTorr 
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for all experiments. In selected experiments, NH3 gas was delivered as a co-flow.  NH3 was 
distilled from sodium before use to remove traces of water.  
The precursor fluxes were delivered to the chamber through separate stainless steel tubes 
pointing toward the cold chamber wall. Molecular flow scattering then created an isotropic flux 
in the chamber, i.e., the flux impinging on the substrate surface was proportional to the partial 
pressure of each precursor, which was measured in the absence of film growth (with the substrate 
unheated).  
Compositional analyses were performed using Auger electron spectroscopy.  Film 
microstructure and thicknesses were measured by SEM on fracture cross-sections. Films 
intended for magnetic measurements were capped in situ with a layer of CVD grown HfB2 to 
prevent oxidation upon air exposure [3].  
Magnetic hysteresis loops were measured on a vibrating sample magnetometer (VSM). 
Both the easy and hard axes hysteresis loops were measured with the magnetic field oriented in 
the plane of the film. The magnetic moment was then normalized to the total volume of FexCo(1-
x), calculated from the sample area and film thickness measured by cross-section SEM. The total 
uncertainty in the magnetic moment from contributions of area, thickness, and VSM 
measurements is estimated to be ± 10 %.   
4.3. Results and discussion 
The experimental observations from our study of the poisoning effect during Fe growth 
(Chapter 3) provide crucial background for the present work, hence, we summarize them here.  
We found that [2]: (i) the average Fe deposition rate decreases from 120 to 5 nm/min with 
increasing substrate temperature from 200 to 300 °C; (ii) at a constant temperature of 300 °C, the 
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growth rate decreases monotonically to zero (a self-limiting thickness) as the film grows; (iii) at 
200 °C, the deposition rate decreases when the flux of CO to the growth surface is increased; and 
(iv) under conditions that lead to surface poisoning, the morphology no longer exhibits 
crystallographic facets. 
4.3.1. Co film growth 
In sharp contrast to the CVD of Fe from Fe(CO)5, we find that the deposition of Co from 
Co2(CO)8 is not affected by surface poisoning.  Whereas the Fe growth rate decreases with 
temperature and decreases with growth time at high temperature (observations i and ii above), 
Co growth onto a Ru seed layer exhibits classic CVD behavior for metals [4,5].  At a precursor 
partial pressure of 0.050 ± 0.003 mTorr and growth times of 10 min, relatively little deposition at 
substrate temperatures below 90 °C, because the reaction rate is too low.  In contrast, between 
100 and 300 °C the deposition rate is constant at 6.5 ± 0.5 nm/min, which indicates that these 
conditions correspond to a flux-limited regime (Fig. 4.1a). Throughout this temperature range, 
the film microstructure is dense and smooth; the small variation in film thicknesses is consistent 
with the uncertainty in the Co2(CO)8 precursor partial pressure.  Confirmation that the growth is 
flux limited (and not limited by a poisoning effect) under our conditions comes from the finding 
that, at a constant growth temperature of 300 °C, the Co film thickness increases linearly with 
time (Fig. 4.1b).   
Although the experiments of Fig. 4.1 indicate that Co growth is not affected by surface 
poisoning, they do not distinguish between two alternatives:  no dissociative chemisorption of 
CO occurs during growth, or dissociative chemisorption of CO does occur but the resulting 
carbon exerts no poisoning effect. The dissociative chemisorption of CO on a Co surface is 
known to have a higher activation barrier than on a Fe surface [6], but does occur at temperatures 
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above 100 °C [7-10].  The evidence suggests, therefore, that carbon does not poison Co growth.  
We confirmed this conclusion by showing that Co can nucleate and grow quickly on a heavily 
poisoned surface.  We first deposited an Fe film at 300 °C for 10 min. As found previously [2], 
Fe growth ceased due to the inactive carbon coverage, and was unable to restart. Nevertheless, 
Co nucleated with zero incubation time and grew on this fully poisoned Fe surface, attaining 70 
nm in 10 min at 300°C (Fig. 4.2), which is the same growth rate observed when depositing Co 
directly onto the Ru seed layer (Fig. 4.1a).   
4.3.2. FexCo(1-x) alloy film growth 
The kinetic behavior we reported previously[3] for the CVD of FexCo(1-x) from Fe(CO)5 
and Co2(CO)8 is approximately a combination of the behaviors for pure Fe growth affected with 
surface poisoning (our previous observations [2]) and for pure Co growth (the above 
experiments). Surface poisoning by the carbon formed by CO chemisorption suppresses Fe 
deposition only: this finding explains our previous results[3] that, under many growth conditions, 
the FexCo(1-x) films were richer in Fe near the substrate interface (i.e., at the beginning of the 
deposition) but richer in Co near the surface (i.e., late in the deposition). The Fe poisoning effect 
becomes more pronounced as the rate of carbon formation increases (either by increasing the 
substrate temperature or by adding free CO to the feed), and this finding explains why films 
grown at higher temperatures (235 °C) were richer in Co than films grown at lower temperatures 
(210 °C)3.  
We also found in our earlier study [1] that dense, smooth, and high-purity FexCo(1-x) thin 
films could be grown by CVD from Fe(CO)5 and Co2(CO)8, but only under very limited 
conditions: at relatively high fluxes and at temperatures within a few degrees of 230 °C.  We 
now believe that, under these conditions, dissociative chemisorption of CO does occur but is 
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relatively slow relative to the rate at which cobalt is deposited; the cobalt covers the small 
amount of surface carbon generated, and renucleates the growth of additional alloy.   
We have carried out some additional experiments in order to further document how the 
dissociative chemisorption of CO affects the growth of FexCo(1-x) thin films.  In our previous 
study, we did not measure film growth rate as a function of temperature. We have now done so at 
a constant precursor partial pressure ratio of 2:1 (0.100 ± 0.003 mTorr of Fe(CO)5 and 0.050 ± 
0.003 mTorr of Co2(CO)8); these conditions correspond to the “low flux” conditions in our 
previous work.  For a constant growth time of 10 min, the total film thickness decreases from 
200 nm at 175 °C to ~ 70 nm at 250 or 300 °C. This decrease in average growth rate with 
increasing temperature is inconsistent with reaction rate theory, but is entirely consistent with a 
surface poisoning effect that becomes more pronounced at higher temperatures owing to the 
faster CO chemisorption rate.  
Our earlier study [1] only briefly described how the morphology of the FexCo(1-x) thin films 
changes with temperature:  at 210 °C they were columnar, whereas at 235 °C they were dense 
and relatively smooth. We can now confirm this dependence over a wider temperature range:  
under low flux conditions, the FexCo(1-x) films are columnar at both 175 and 200 °C but are 
smooth and dense at both 250 and 300 °C (Fig. 4.4).  This trend is qualitatively similar to that 
observed for pure Fe growth, except that pure Fe does not become smooth and dense until 300 
°C (i.e., some 75 °C hotter than the ca. 225 °C crossover point seen for the alloy films).  We 
previously interpreted [2] that the smooth morphology resulted from poisoning, which 
suppressed the growth of facets. For alloy growth, it is possible that smoothing occurs at a lower 
temperature due to the faster poisoning of Fe surface sites by the additional CO that is released 
from the Co2(CO)8 precursor. 
56 
 
Auger sputter depth profiles (Fig 4.3) further demonstrate the effect of Fe site poisoning 
on film composition. At 175 °C, the Fe/Co ratio has a constant value of 3:1 at all depths in the 
film, indicating the absence of progressive poisoning. Oxygen in the film is due to air exposure: 
oxygen molecules diffuse through the inter-column voids and oxidize the boundaries. This effect 
is known to depend on the degree to which the columns are tightly packed or have open voids 
[11]. Samples capped with HfB2 contain only 1-2 at. % oxygen.  At 200 °C, the Fe/Co ratio is 
probably not accurate due to the vertically anisotropic nature of the deposit; the results suggest 
an intermediate state between unpoisoned and fully poisoned growth.  At 250 °C, the Fe/Co ratio 
shows a sharp decrease from 3:1 at the beginning of the growth to 1:3 (i.e., Fe depleted) at the 
end. This change is due to the poisoning effect, which slows the Fe growth rate but not the Co 
growth rate. For growth at 300 °C, the Fe/Co ratio drops to ~1:1 and remains constant instead of 
decreasing. The growth temperature is too low for interdiffusion of Fe and Co to happen [12, 
13], and the detailed kinetics responsible for the inflection in the composition profile are not 
understood.  
Our previous study [1] of the CVD of FexCo(1-x) from Fe(CO)5 and Co2(CO)8 also showed 
that the composition of the deposit was a highly non-linear function of the ratio of the partial 
pressures of the two precursors.  Specifically, at a growth temperature of 210 °C, the amount of 
Fe in the film was 70 % for Fe:Co precursor pressure ratios just above 2:1, but decreased 
abruptly to only 36 % at a Fe:Co precursor pressure ratio of just under 2:1.  Furthermore, the 
microstructure changed from columnar at Fe:Co ratios over 2:1 to smooth and dense at Fe:Co 
ratios below 2:1.  We can now add that identical behavior is seen at 200 °C (Fig. 4.4).    
Both our original study and our reinvestigation show the effects of surface poisoning when 
the feed becomes too lean in Fe(CO)5 (too rich in Co2(CO)8).  Specifically, under these 
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conditions, the films contain far less iron than expected, and film morphology becomes smooth 
rather than columnar.  At first glance, these results appear anomalous because, as we previously 
showed [2], the growth of pure Fe is not poisoned at these temperatures. But we also showed that 
adding CO in the gas phase did poison Fe growth at 200 °C. The poisoning of FexCo(1-x) growth 
observed for feeds too rich in Co2(CO)8 suggest – as proposed above – that CO ligands released 
from the Co precursor contribute to the poisoning of Fe sites. Because Co2(CO)8 releases its 
carbon monoxide ligands directly onto the surface, the partial pressure of the Co precursor 
necessary to initiate poisoning is less than the 2-3 mTorr pressures of free CO required to poison 
Fe growth at these temperatures. 
The central result of the present work is that addition of NH3 during alloy growth 
eliminates all of the effects due to surface poisoning, and considerably widens the process 
window for FexCo(1-x) growth, just as it eliminates poisoning during the growth of pure Fe films 
[2].  Specifically, under growth conditions identical to those described above (0.10 mTorr 
Fe(CO)5 and 0.05 mTorr Co2(CO)8 for 10 min) except that 4 mTorr of NH3 is added to the flux, 
the Fe/Co ratio of 3:1 is constant as a function of depth, and the film morphology is columnar.  
These attributes are independent of substrate temperatures over a wide range, from 200 to 300 °C 
(Fig. 4.5).  The film composition and morphology are similar to those seen only at the lowest 
temperatures (175 °C) in the absence of NH3 co-flow.  
Adding NH3 to the gas stream again eliminated the poisoning effect seen for feeds with 
Fe:Co pressure ratios below 2:1, as evidenced by the faceted surface morphology and the 
constant composition as a function of depth seen for a film grown from a 1:1 Fe:Co precursor 
partial pressure ratio (Fig. 4.6).  
4.4. Conclusion 
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In the CVD of FexCo(1-x) alloy thin film from the precursors Fe(CO)5 and Co2(CO)8,  
dissociative chemisorption of the carbon monoxide ligand causes a poisoning effect on the 
growth surface, which greatly affects the morphology and film stoichiometry.  The poisoning 
effect is especially pronounced at elevated temperature or when using a large fraction of 
Co2(CO)8 in the gas mixture.  
The results above show that adding a co-flow of NH3
 during growth eliminates the 
surface poisoning effect, without introducing appreciable amounts of N into the deposit.  The 
ammonia restores the unpoisoned growth rate and morphology, makes the film stoichiometry 
depend linearly on the precursor flux ratio, and greatly expands the temperature window for the 
deposition of films. 
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4.6. Figures 
 
FIG 4.1.  Co film thickness grown using 0.05 mTorr Co2(CO)8 : a) 10 min deposition at different 
substrate temperatures; b) deposition at 300 °C for 5 to 20 min. 
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FIG 4.2. Co film grown using 0.05 mTorr Co2(CO)8 for 10 min at 300 °C on top of a completely 
poisoned Fe film, which was grown from 0.10 mTorr Fe(CO)5 for 10 min at 300 °C. 
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FIG 4.3. SEM cross sectional images and Auger sputter depth profiles of FexCo(1-x) alloy films 
grown from 0.10 mTorr Fe(CO)5 and 0.05 mTorr Co2(CO)8 for 10 min at: (a) 175 °C; (b) 200 
°C; (c) 250 °C; (d) 300 °C.    
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FIG 4.4.  SEM cross section images and Auger depth profiles of FexCo(1-x) alloy films grown at 
200 °C for 10 min from 0.05 mTorr Co2(CO)8 and (a) 0.20 mTorr Fe(CO)5; (b) 0.05 mTorr 
Fe(CO)5. 
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 FIG 4.5. SEM cross sectional images and Auger sputter depth profiles of FexCo(1-x) alloy films 
grown from 0.10 mTorr Fe(CO)5 and 0.05 mTorr Co2(CO)8 for 10 min with a co-flow of 4 
mTorr NH3 at: (a) 200 °C; (b) 250 °C; (c) 300 °C. The film at 200 °C has a higher oxygen 
content due to air oxidation of the inter-column void space, which is enhanced for low 
temperature growth.  
  
65 
 
 
FIG 4.6. SEM cross sectional image and Auger sputter depth profile of FexCo(1-x) alloy grown at 
200 °C for 10 min from 0.05 mTorr Co2(CO)8 and 0.05 mTorr Fe(CO)5 with a co-flow of 4 
mTorr NH3. The oxygen corresponds to oxidation of the column boundaries during post-growth 
air exposure; the Fe/Co ratio is constant. 
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CHAPTER 5  
  
POSSIBLE EXTENSION OF THIS WORK 
 
5.            The surface poisoning effect by CO and the use of ammonia to inhibit poisoning have 
been described in Chapters 3 and 4. Although these effects were discussed in the framework of 
CVD growth of Fe-based alloys, our work has the potential to be extended to other systems. 
5.1. Surface poisoning to afford highly conformal CVD 
As shown in Chapter 3, the Fe growth surface becomes poisoned at higher temperatures 
or when a sufficient partial pressure of carbon monoxide is added to the process gas: the sticking 
coefficient of the precursor is progressively reduced as the active sites on the surface get 
blocked. It is well known that lowering the sticking coefficient of a CVD precursor affords better 
conformality [1].  Fig 5.1 shows that the conformality of Fe deposition in a trench structure is 
much improved with co-flow of 2 mTorr carbon monoxide.  Furthermore, when the surface is 
fully poisoned, the sticking coefficient reaches zero, i.e., the growth process is self-limiting, yet 
the carbon content in the film is < 1 at. %. This phenomenon may provide a way to achieve 
nearly perfect conformality in a CVD process, in which the self-limiting thickness can be 
controlled via the precursor flux, substrate temperature and flux of carbon monoxide (see 
Chapter 3).  
The use of surface poisoning to enhance conformal growth is applicable not only for Fe 
growth from Fe(CO)5, but also for other thin film deposition systems: the challenge is to identify 
a suitable gas-phase agent that can poison the growth surface but without introducing a 
significant quantity of unfavorable contaminants into the film.   
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5.2. The use of ammonia with other carbonyl-based precursors 
Besides Fe CVD, there are other metal deposition processes whose growth kinetics 
apparently suffer from surface poisoning. For example, in the growth of nickel thin film from 
Ni(CO)4 precursor, P.A. Lane et al. [2] reported that the growth rate decreases from 20 to about 2 
nm/min as temperature increases from 175 to 275 °C, which is consistent with the characteristic 
kinetics of surface poisoning.  Surface analysis using field emission microscopy shows that CO 
dissociates on stepped nickel surfaces upon heating to 177-197 °C [3]; this reaction may form 
inactive carbon and block the active sites for nickel deposition, similar to the mechanism 
described in Chapter 3.  Although there are no direct FTIR studies on nickel surfaces of the 
competitive reactions between CO and NH3, it is plausible that a co-flow with ammonia may, as 
on Fe surfaces, displace adsorbed CO during nickel growth and restore unpoisoned deposition 
kinetics.   
 During the deposition of metal thin films from metal carbonyl precursors, the adsorption 
of carbon-containing ligands on metal surface does not always significantly reduce the growth 
rate, but may instead contribute carbon and oxygen impurities to the deposit that deteriorate its 
properties.  This is the case for tungsten growth from W(CO)6 and for Ru growth from 
Ru(CO)3C6H8.  In such cases, we suggest that a co-flow with ammonia may reduce the impurity 
levels by displacing adsorbed carbon-containing ligands. 
 Tungsten is a widely used as an interconnect metal in microelectronics fabrication.  In the 
semiconductor industry, tungsten films are typically deposited from WF6 and H2, but this route 
has a disadvantage: the byproduct HF is highly corrosive and may damage other layers in the 
microelectronic device.  W(CO)6 is considered a promising candidate for depositing high purity 
tungsten films without causing damage; however, films grown from W(CO)6  at low temperature 
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(below 400 °C) generally contain more than at. 10 % carbon due to the CO ligand [4]. Films with 
somewhat less carbon (below 5 at. %) can be obtained by growing at higher temperature (540 
°C) or with high temperature (900 °C) post-growth annealing [4], in which case the resistivity 
can be reduced to below 50 μΩ.cm.  But these temperatures are too high for the limited thermal 
budget in advanced device fabrication, which requires that all processing temperatures be below 
400 °C (and less if possible) and that films have very high purity.  Different from the growth of 
Fe from Fe(CO)5, the carbon impurity in tungsten films may not result from the dissociation of 
CO, but from chemisorbed CO that becomes trapped in the film [5, 6].  In the literature reports of 
tungsten nitride growth, we find evidence that co-flow with ammonia does help to reduce the 
carbon and oxygen impurities.  J. E. Kelsey et al. and Y. M. Sun et al. both show that in tungsten 
nitride growth using W(CO)6, the addition of ammonia reduces the carbon and oxygen 
concentrations to below 5 at. % each [7, 8], however, since the ammonia fluxes used are about 
100 times higher than the precursor flux, the films have roughly 20 at. % nitrogen. There have 
been no previous reports on pure tungsten growth with a co-flow of ammonia. We believe it may 
be possible to obtain high purity tungsten films if ammonia to precursor ratio are carefully 
selected to displace CO while not introducing a large amount of nitrogen.   
 Another system that may benefit from the use of ammonia is ruthenium deposition. Ru is 
also an important material in semiconductor industry, with applications in DRAM or metal gates 
of MOSFET. Our group previously obtained Ru growth with good conformality:  a via with an 
aspect ratio of 20:1 was coated to over 90 % step coverage. The precursor, Ru(CO)3C6H8, is 
thermally stable at room temperature and can be handled in air. However, the Ru film contains ~ 
30 at. % carbon due to the adsorption and decomposition of the byproducts benzene and carbon 
monoxide, therefore, the resistivity is above 100 μΩ.cm. We have not identified surface science 
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literature concerning the interaction of ammonia and benzene; however, temperature 
programmed desorption (TPD) and high resolution electron energy loss spectroscopy (HREELS) 
studies show that predosed ammonia blocks a portion of the adsorption sites on Ru(001) [9], 
which suggests the possibility that ammonia may help displace the CO byproduct in Ru growth 
from Ru(CO)3C6H8 and reduce the carbon contamination.   
 Interestingly, if the carbon impurity is mainly from the byproduct benzene instead of 
carbon monoxide, it is possible that dosing with CO may help reduce carbon contamination by 
displacing benzene from the metal surface [10]. Here we should note that the good conformality 
of Ru growth may result from the site-blocking with the byproduct CO, benzene or hydrocarbon 
fragments from benzene; therefore, when the byproduct molecules are displaced with dosing gas, 
the conformality may be degraded.  
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5.4. Figure 
 
 
 
 
 
 
 
 
 
 
 
FIG 5.1. Fe growth from 0.1 mTorr Fe(CO)5 in Ru seeded trenches: with co-flow of 2 mTorr CO 
(right); without co-flow of CO (left).  
 
 
